Finger millet (Eleusine coracana L. Gaertn.) ranks third in production among the dry land cereals. It is widely cultivated in Africa and South Asia where soil salinization is a major production constraint. It is a potential crop for salt affected soils. To identify salt tolerant germplasm, the minicore finger millet germplasm (n = 80) was screened for grain yield performance in a soil saturated with NaCl solution of 100 or 125 mM. Genotype effect was significant for most traits, while salinity × genotype interaction was significant only in one year. Salinity delayed phenology, marginally reduced shoot biomass and grain yield. There was a large range of genotypic variation in grain yield under salinity and other traits. The yield loss was higher in accessions with prolific growth and yield potential was associated with saline yields. Based on saline yields, accessions were grouped in to four groups and the top tolerant group had 22 accessions with IE 4797 remaining at the top. Salinity had no adverse impact on grain yield of five accessions. Root anatomy in selected genotype of pearl and finger millet showed presence of porous cortex and well fortified endodermis in finger millet that can exclude Na + and enhance N absorption.
Introduction
Finger millet (Eleusine coracana L. Gaertn.) is one of the most important minor millet of the tropics accounting for 12% of the global millet area. It is a potential and nutritious crop for the increasing world population, particularly in arid and semi-arid regions where it is usually ranked third in cereal production, after sorghum and pearl millet [1] . Major producers are Uganda, India, Nepal and China [2] . It is ancient with its domestication dating back to 5000 years [3] . It is widely cultivated in Africa and South Asia and is a rich source of seed protein, fiber and minerals such as iron, calcium and manganese [4] . The nutritional quality of finger millet grains makes it an ideal food for expectant women, breast-feeding mothers, children, the sick and diabetics [5] . It is a major component of the food prepared for the HIV patients in Eastern Africa. In some parts of Africa and Asia, the grains of finger millet are used for producing beer or liquor [3] . Finger millet has also been used as a folk remedy for many diseases [6] . The finger millet straw is a highly nutritious fodder. Finger millet is considered to be an ideal crop for changing food habits of people due to its nutritional richness, high photosynthetic efficiency, and good resistance to biotic and abiotic stresses [7] .
Global estimates, dating back to two decades, indicate a constant increase in salt affected soils to an extent of 10% of the arable lands [8] . It was further estimated that about 23% of the cultivated area had already been affected by salinity and 37% by sodicity. Another report estimates that approximately 10% of the Earth's total land surface may be salt-affected [9] . Crop plants were shown to differ greatly in their tolerance to salinity, as exhibited by their difference in growth responses [10] . Soil salinity drastically reduces the productivity of most crops although to a varying extent across species [11, 12] . Generally, legumes are very sensitive to salinity than the cereals [13] . Among cereals, the response of rice was ranked as the most sensitive while barley the most tolerant [10] and the dryland crop species such as sorghum and pearl millet ranked moderately tolerant [14, 15] .
Constant increase in salinity, both in the intensely irrigated and the dry land cropping systems, threaten crop production necessitating identification of crop species that can better tolerate the soil salinity/alkalinity and the genetic variation within each species for response to salinity. In spite of the importance of this constraint and the crop, very little work had been done on assessing the salinity response of finger millets. Currently available literature on finger millet salinity response only deal with either seedling level tolerance [16] or on biochemical differences [17] with no effort on understanding the crop yield response. During this experimentation, the plants were noticed to display nitrogen abundance in the shoot system which was contrary to the usual finding on plant growth under salinity in general. It is usual for crop plants to grow poor and to display nitrogen deficiency symptoms [14] consequent to salinity-impaired N uptake [18] . Root system, the inter-phase between the soil and the plant, and the status of its anatomy are expected to throw some understanding on the mechanism of salinity tolerance in this crop species. Root anatomy and xylem vessel characteristics were shown to help in understanding the drought tolerance strategies of various grain legumes [19] . The objectives of this study was to characterize the finger millet minicore collection [20] for the extent of natural genetic variation, to identify salinity tolerant accessions for use in crop improvement and to understand the difference in root anatomy in comparison to pearl millet, another salt tolerant crop.
Materials and methods

Plant growth, treatment conditions, sowing dates and genetic material
Plants were grown in pots filled with soil that was either left untreated (non-saline treatment) or treated with NaCl (saline treatment) in an open-air facility that was protected from rain by a movable rain-out shelter. Experiments were undertaken, in two years at the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru (17 • The pots (27 cm diameter), containing 11 kg of Alfisol, were buried in plots spaced 0.45 × 0.35 M such that the pot rim was at the same level of the outside soil surface to avoid direct solar radiation incidence on the pots. The Alfisol (pH = 6.9, CEC: clay ratio = 0.29, EC = 0.1 mM [21] taken from the top 10 cm of soil at the ICRISAT farm, were fertilized with di-ammonium phosphate (DAP) and muriate of potash at a rate of 200 mg kg −1 soil each. Half of the pots were artificially salinized by applying a salt quantity of 1.08 g NaCl kg −1 soil, equivalent to applying a 100 mM solution of NaCl in sufficient volume of water (2.035 L) to wet the Alfisol to field capacity (19.7% w/w) in 2008. The salt dose was increased to 1.35 g NaCl kg −1 , equivalent to 125 mM solution of NaCl in 2009 as the 2008 dose was considered suboptimal for the best genetic discrimination. The remaining half number of pots received tap water containing no significant amount of NaCl in the same quantities to bring them to field capacity.
The saline treatment was applied as two half doses at sowing and 12 days after sowing to more realistically represent a field situation than a single application. After salt application and for the remaining crop cycle, pots were watered with tap water and maintained close to a range of 60-90% field capacity (determined gravimetrically) to avoid an increase in the salt concentration in the soil solution with the soil drying. This was on alternate days initially and on every day after 35 days of crop age. The base of the pots of the saline treatment was sealed to avoid salt leakage, while the pots of the non-saline treatment had holes to allow drainage. Overwatering of all pots was avoided. This method has had consistently good results both in pulses and cereals [22] [23] [24] .
In both the years, about 6 to >10 seeds were planted in each pot and before the seedling age of 12 days thinned to two plants per pot. The experiments were planted in a 25 × 4 alpha lattice (incomplete block design) with three replications in 2008 and in a 42 × 2 alpha lattice with five replications in 2009 under two salinity levels (saline and non-saline). In 2008, 100 entries of the finger millet accessions, that included 66 minicore and 34 agronomically superior accessions were evaluated. In 2009 the whole minicore with four agronomically superior checks (n = 80 + 4) was evaluated as the germplasm accessions had a good range of variation.
Measurements
Days to panicle emergence, days to maturity, shoot biomass (g pot −1 ) including grains and grain yield (g pot −1 ) was measured in each year. Grain yield or shoot biomass productivity under salinity was used to rate the salt tolerance of the accessions. The relative ratio of grain yield under salinity to that of control was used as index of salinity tolerance.
Root sampling and sectioning
Finger millet under salinity was noted, during the whole growth phase, to exhibit low senescence rate and dark green leaves relative to control plants. Therefore the root anatomy was compared with pearl millet, another salinity-tolerant crop [25] , to find a clue on the possible alternate mechanisms of salt tolerance in finger millet. One of the finger millet checks used in this study [accession IE 4673 (VL 149)] and a pearl millet variety with similar duration [ICMB 88004] were harvested from plants that were at milky stage of grain filling, after digging a trench in a way to expose the roots up to 0.3 m of soil depth, from an unrelated nonsaline Alfisol field. The roots of average diameter were selected for sectioning. Freehand sections of about 50 m thick were cut and the selected sections were stained with 50% toluidine blue, a polychromatic stain that gives different colors with different tissues, and mounted in distilled water. For each crop, three uniform sections were selected at random for observation. Pictures were taken using an optical microscope (Olympus BX43F, Tokyo, Japan) connected to a digital camera using a 10 × 10 magnification.
Statistical analysis
The replication-wise values of various traits in each salt environment were used for statistical analysis using ReML considering genotypes as random. Variance components due to genotypes ( g 2 ) and error ( e 2 ) and their standard errors were determined. Environment wise best linear unbiased predictors (BLUPs) for the tested accessions were calculated. Heritability in broad sense was estimated as h 2 = g 2 /( g 2 + ( e 2 /r). The significance of genotypic variance was assessed from the standard error of the estimate of genetic variance g 2 , assuming the ratio g 2 /SE ( g 2 ) to follow normal distribution asymptotically.
For the pooled analysis, homogeneity of variance was tested using Bartlett's test [26] . Here, the year (environment) was treated as a fixed effect and the genotype (G) × environment (E) interaction as random. The variance due to (G) ( g 2 ) and (G) × (E) interaction ( gE 2 ) and their standard error were determined. The significance of the fixed effect of the year or saline treatment was assessed using the Wald statistic that asymptotically follows a 2 distribution.
As grain yield of germplasm accessions under salinity across years had a significant interaction, their BLUPs were further grouped into various response groups for salt reaction by a hierarchical cluster analysis [27] . Principal coordinate analysis (PCoA) was also performed based on distance matrix to further assess the salinity response groups made [28] . All statistical analyses were carried out using Genstat, Release 10.1 [29] .
Results
Salinity effects
Seedling emergence was delayed by two days under salinity (data not shown). It was visually observed that salinity also delayed the development of nodal roots and the inability of seminal root to anchor the shoot led to the lodging of the plant. Large number of the lodged plants died but the required two plants per pot were achieved by sowing more seeds and careful earthing up of the seedlings.
Salt treatment significantly influenced all the traits except the stover weight in 2008 and the panicle harvest index in 2009. Genotype × Salinity interaction was not significant for any of the traits in 2008 but this interaction was significant for all the traits in 2009 (Table 1) . Salinity delayed senescence, delayed phenology and intensified the leaf greenness, extensively ( Fig. 1) . The delay was about 10 days in panicle emergence and maturity in both the seasons ( Table 2 ). Salinity extended the vegetative duration by 10 days but the reproductive duration remained unaltered (26 days in 2008 and 28 days in 2009). Total shoot biomass was reduced, on average, from 194 ± 31.8 g to 182 ± 17.3 g in 2008 and from 336 ± 41.6 g to 236 ± 27.8 g during 2009 that amounted to a reduction of 6 and 30% of the biomass in 2008 and 2009, respectively. Similarly the mean grain yield was reduced from 50.5 ± 10.5 g to 38.7 ± 7.8 g in 2008 and 48.3 ± 8.4 to 35.4 ± 6.3 g in 2009 which was a 23 and 27% reduction. Salinity reduced the harvest index by 5% in 2008 but remained unchanged in 2009. Salinity reduced panicle harvest index only in 2008. The biomass of all the plant components (stover and panicle) was reduced by salinity. During 2008, the stover was not reduced but the panicle weight was reduced by 18% whereas during 2009 both the stover and the panicle were reduced by 31 and 28%. The soil and weather variations and a higher concentration (125 mM) of salt application in 2009 could be the two reasons for these differences across years and the variation in quantum reduction. The soil and weather variation also could be a reason for the increased mean biomass productivity in the control in 2009 compared with 2008. However the panicle weight and the grain yield under control were comparable between the years.
Germplasm effects
The germplasm variability for salinity tolerance was measured primarily by the grain yield and the total shoot biomass production including the grains. On the common accessions across years, the time to panicle emergence had varied by 53 days (from 51 to 104) under control and by 56 days (from 58 to 114) under salinity in 2008. It had varied by 79 days (from 49 to 128) under control and 86 days from (57 to 143) under salinity in 2009 ( Table 2 ). Similarly in the common accessions, the days to maturity had varied by 64 days (from 73 to 137) under control and 62 days (from 83 to 145) under salinity in 2008. This was 94 days (from 67 to 161) under control and 89 days (from 80 to 169) under salinity in 2009. The common accessions ranged in shoot biomass production and grain yield by two-folds both under control and salinity in both the seasons. However the mean shoot biomass production and the grain yield in 2009 was substantially higher than in 2008 closely similar to Table 2 . The performance of the 34 accessions, which were tested only in 2008, for all the traits was close to the means in Table 2 but with a narrow range. The harvest index range of the common accessions was 34% under control that got reduced to 30% under salinity in 2008. However this range was 12% under control and 11% under salinity in 2009. A 40% range of panicle harvest index variation of accessions was increased to 51% under salinity in 2008 but this range was 15% under control and 14% under salinity in 2009 ( Table 2 ). The heritability of the phenological traits was the highest and salinity did not bring any consistent change ( Table 2 ). The heritability of shoot biomass, yield, stover weight and panicle weights showed moderate heritability in 2008 but these values were high in 2009. The heritability of harvest index and the panicle harvest index were high both in 2008 and 2009 ( Table 2) .
Association of salt tolerance with other yield components
The association between the shoot biomass productivity under control and the grain yield loss due to salinity was close and positive in finger millet germplasm (Fig. 2 ). This indicated that higher is the shoot biomass under control, greater is the grain yield loss under salinity. The proportion of yield reduction under salinity compared to non-saline control can be a good measure of salinity tolerance. But in this study the grain yield of accessions under salinity was closely and positively related to their yield under non-saline control (Fig. 3) indicating that a preliminary assessment of salt tolerance can be possible through their yield potential in any region.
Salinity response groups
A pooled analysis using the common 68 genotypes in both the years showed significant accessions × year effect for all the traits except for the panicle harvest index (data not shown). These Table 2 Mean days to panicle emergence, maturity, total shoot biomass (g pot −1 ), stover (stem + leaf) biomass (g pot −1 ), panicle biomass (g pot −1 ), grain yield (g pot −1 ), harvest index (%) and panicle harvest index (%) for the finger millet germplasm in the 2008 and 2009 rainy seasons under salinity stressed and control conditions, ICRISAT Center, Patancheru, India.
Season/traits
Salinity stressed Control interaction variance components were about one fifth for the grain yield and half of the genotypic variance for shoot biomass. Therefore the individual accession means of grain yield in each year were used for selections. The accessions were grouped into representative groups using the BLUPs of accessions under salinity observed in two years by a hierarchical cluster analysis using Ward's method [24] . For the convenience of splitting these 68 accessions (part of the minicore) into distinct groups of response a 15% dissimilarity level was chosen which yielded 4 clusters with significantly different means named as tolerant, moderately tolerant, sensitive and sensitive and late accessions. Tolerant accessions (n = 22) were consistently high yielding under salinity with a mean grain yield of 45.5 g pot −1 in 2008 and 43.1 g pot −1 in 2009, moderately tolerant (n = 20) were next in order with a mean grain yield of 36.7 and 38.6 g pot −1 , sensitive ones (n = 21) with a mean grain yield of 37.1 and 25.2 g pot −1 and the sensitive and late ones (n = 5) with a mean grain yield of 24.6 and 18.6 g pot −1 were the least adapted ones. The accession IE 4797 produced the highest shoot biomass and grain yield with above average harvest index under salinity in both the years (Table 3) .
PCoA was performed to further assess the grouping of accessions done on the basis cluster analysis. PC1 and PC 2 explained 85.3% and 14.7% of the variation in grain yield under salinity. Majority of the salinity tolerant accessions grouped by cluster analysis fell in the top right coordinate of the biplot and the sensitive ones on the top left (Fig. 4) . The sensitive and late accessions group fell on the bottom left. Distribution of this PCoA indices also confirmed the clustering results.
Root anatomy
The transverse section of the root of finger millet that was extracted at about 0.3 m soil depth from a normal (nonsaline) Alfisol field showed two major variations in comparison to another dryland cereal, the pearl millet (Fig. 5 ). The cortex of the finger millet contained about two layers of collenchyma in the hypodermis below the epidermis followed by single layer of large aerenchymatous cells interspersed radially with small parenchymatous cell. All these cells had thin cell walls. In comparison, pearl millet had well suberized epidermis followed by three layers of small sclerenchymatous cortex followed by about 8-9 layers of thin walled parenchyma. In brief, pearl millet cortex possessed layers of cells that provided mechanical strength. The cortex of finger millet was collapsible. The stele offered a major variation. The stele of the finger millet also presented large differences from that of the pearl millet. The endodermis cells were relatively small, tightly packed, individual cells rectangular in shape on the outside and oval in the inside. The endodermis is followed by two definite well defined thick walled layers of pericycle. The xylem vessels were large and relatively several in finger millet. Every individual xylem vessel was surrounded by a clear layer of highly suberized companion cells. Also large number of companion cells could be noticed in between the xylem vessels with high level of suberization.
Discussion
The aim of this study was to screen the minicore collection of finger millet germplasm under salinity stress and use the resultant contrasting accessions as donors for further genetic improvement. Therefore the level of salinity used in this study was realistic and moderate. Though there have been reports on the salinity response of finger millets, most of them concentrated on seedling response [16, 30] or on genetics of this response. None of these work studied the crop response in terms of total shoot or grain biomass at maturity. For some of the cereals like sorghum the salt concentration chosen for screening is saturation with 100 mM NaCl that resulted in a soil ECe of 10-11 dS m −1 [31] [32] [33] [34] . Saturating the Alfisol once with 100 mM NaCl resulted in an ECe of 11.2 ± 0.28 dS m −1 in this study. Recent works [35] also confirmed that this level of salinity (saturating with 100 mM salt solution) is appropriate for good genetic discrimination. The overall loss observed was the highest in the 2009 experiment when the screening was done by saturating with 125 mM salt solution. In that year, the overall loss was 30% in shoot biomass and 27% in grain yield and this biomass reduction was closely similar to the loss reported in foxtail millet [35] . Table 3 Days to panicle appearance and maturity, total shoot biomass (g pot −1 ) and grain yield (g pot −1 ) of the tolerant and sensitive cluster group accessions of finger millet germplasm out of 68 common minicore accessions tested in the 2008 and 2009 rainy season, ICRISAT Center, Patancheru, India. However, the most useful observation was the presence of a large range of variation among accessions for yield loss due to salinity. This varied from −20 to 32% in 2008 and −24 to 52% in 2009 for shoot biomass and −10 to 50% in 2008 and −29 to 78% in 2009 for the grain yield providing good perspectives for selection. The accessions that were consistently greater in tolerance and ranged from marginal gain to only a 10% loss in grain yield were IE-4073, -4797, -5870, -6326 and IE 6154 and accessions that lost >40% in both the years were IE-2572, -2710 and IE 4545. In the first season with 100 mM saline saturation, the biomass lost was minimal but the grain yield was affected through a reduced partitioning to grains making this crop species as one of the potential choice for salt-affected areas. Generally, the prolific shoot biomass producing accessions under non-saline environments were the more sensitive to salinity or lost more yield under salinity. This has indicated that a greater reproductive success under control can be an indirect trait in selecting for good performance under salinity. Also grain yield under non-saline control explained about 50% of the variation in saline grain yields in 2009 when the range of saline grain yields were largest. This observation would also help in narrowing down the size of the screening material on the basis of their grain yield potential in any region.
Some clear morphological differences that were noticed under salinity were dark green canopy, drooping leaves and delayed senescence compared to the pale green and largely erect leaves under control (Fig. 1) . The permanent drooping can be explained by less turgid and water deficient leaves. However, the intense green color and the delayed senescence of the leaves were indicative of a better N status in the leaves. Impaired nitrogen uptake was one of the primary consequences of salinity. Under salinity, better growing or salinity-tolerant genotypes were found to contain poor shoot N concentrations than the poor growing genotypes of the dryland cereals such as sorghum and pearl millet [14, 15] . This was explained as a consequence of tissue N dilution (from 0.9% to 0.5% in sorghum and from 1.3 to 0.3% in pearl millet) that was needed to promote plant growth when N uptake was impaired in salt-affected soils. Salt-affected plants tend to reduce water uptake and result in lowered transpiration and stomatal conductance. This is expected to reduce the N uptake. Finger millet in general seems to have mechanisms to overcome this hurdle and to ensure N uptake that needs detailed further studies.
The presence of salt in the soil is known to affect the plant growth in two ways, namely osmotic tolerance or ionic tolerance or both [10] . In cereals, the reduction in total leaf area of the plant is achieved through reductions in tillers and the size of individual leaves. This modification was to achieve a reduced leaf area development relative to root growth and as a consequence reduce the water use by plants. Subsequent measures of ionic tolerance are through either exclusion Na + and Cl − ions or compartmentalization of the Na + and Cl − . In this study, the loss in shoot biomass or grain yield of finger millet due to salinity was about 30%. A constant wilted appearance of the crop under salinity, generalized across genotypes, was indicative of the osmotic stress the plants were subjected to but dark green leaves, the absence of the characteristic early senescence of the old leaves as a symptom of accumulation of toxic Na + ions were indicative of a largely successful Na + and Cl − ion exclusion or compartmentalization [10] . This crop species seems to possess some important salt-tolerant genes [30] and further work is needed to confirm the mechanism of its salt tolerance.
The seedling stage seems to be the most sensitive stage of crop ontology at which the plants tend to lodge and never recover. At this stage the formation of secondary roots seem to be delayed as a consequence of avoidance of the stressful environment. The more the plants delay such nodal root development the more plant mortality is experienced leading to a characteristic patchy crop. The relative salt tolerance as grain yield and shoot biomass only comes after successful plant establishment. Therefore it is necessary to look for accessions that reduce the lag phase of nodal roots as well agronomic options that would help normal nodal root development.
Three major differences were seen in the anatomy of roots of finger millet compared with pearl millet; a crop species also known to be tolerant to salinity and drought [36] . Extensive increase in the root porosity with the presence of large aerenchymatous cells in the hypodermal cortex is an indication of requirements for greater levels of aerobic respiration. Presence of aerenchyma in the roots increase the longitudinal oxygen flow from the above ground part to the root [37] and also decrease the metabolic cost and cell respiration [38] . Besides, these are responsible for the ventilation (root-atmosphere) of excess gas such as ethylene, methane, and carbon dioxide which can have growth retarding effect at higher concentrations. As these roots in the current study were harvested from well-drained Alfisol, this aerenchyma presence can be considered as a constitutive trait of this crop. Under salinity stress, when the energy demand for many altered plant functions is expected to increase, a greater elaboration these aerenchymatous cells can be expected. The presence of a mechanism for high energy turnover can only be explained for active discrimination in ion uptake and in overcoming resistances to water and minerals uptake. The additional resistances to the Na + uptake are the well equipped endodermis, double-layered pericycle and a xylem vessel uniformly surrounded by companion cells. These additional fortifications explain the slow and delayed senescence, low requirement for N remobilization from basal leaves and the presence of dark green leaves in plants under saline soils. These tolerance symptoms are possible by Na-exclusion and enhanced N absorption. The formation of aerenchyma under waterlogged conditions was also reported for other crops, such as soybean [39] , wheat, barley, and oat [40] . An intensive production of aerenchyma was observed in maize cultivars, such as cv. Seneca Horizon [41] . Finger millet is claimed to be capable of performing better under adverse soil and weather conditions compared to other crops [42] .
Conclusion
This study has shown that finger millet minicore collection is a good resource for identifying sources of salinity tolerance. The overall reduction caused by salinity in shoot biomass or grain yield varied from minimal to moderate. The finger millet minicore collection had exhibited the existence of a wide genotypic variation for salinity response. Salinity reduced the grain yield through the reductions both in the shoot biomass and the harvest index. Groups of accessions with variation in salinity tolerance have been identified which may be used in cultivar development. A well fortified endodermis and pericycle and a well-protected individual xylem vessels in the roots suggested potential for an effective ionic exclusion in finger millet.
